Proinflammatory prostaglandin E2 is known to sensitize sensory neurons to noxious stimuli. This sensitization is mediated by the cAMP-dependent protein kinase (PKA) signal pathway. The capsaicin receptor TRPV1, a non-selective cation channel of sensory neurons involved in the sensation of inflammatory pain, is a target of PKA-mediated phosphorylation. Our goal was to investigate the influence of PKA on Ca 2؉ -dependent desensitization of capsaicin-activated currents. By using site-directed mutagenesis, we created point mutations at PKA consensus sites and studied wild-type and mutant channels transiently expressed in HEK293t cells under whole-cell voltage clamp. We found that forskolin, a stimulator of adenylate cyclase, decreased desensitization of TRPV1. The selective PKA inhibitor H89 inhibited this effect. Mimicking phosphorylation at PKA consensus sites by replacing Ser-6, Ser-116, Thr-144, Thr-370, Ser-502, Ser-774, or Ser-820 with aspartate resulted in five mutations (S116D, T144D, T370D, S774D, and S820D) that exhibited decreased desensitization as well. However, disrupting phosphorylation by replacing respective sites with alanine resulted in four mutations (S6A, T144A, T370A, and S820A) with desensitization properties resembling those of the aspartate mutations. Significant changes in relative permeabilities for Ca 2؉ over Na ؉ or in capsaicin sensitivity could not explain changes in desensitization properties of mutant channels. In mutations S116A, S116D, T370A, and T370D, pretreatment of cells with forskolin did not reduce desensitization as compared with wild-type and other mutant channels. We conclude that Ser-116 and possibly Thr-370 are the most important residues involved in the mechanism of PKA-dependent reduction of desensitization of capsaicin-activated currents.
1
PGE 2 contributes to nociceptor sensitization by binding to G scoupled PGE receptor subtypes EP3C and EP4 (2) that raise intracellular cAMP levels and activate cAMP-dependent protein kinase (PKA). Accordingly, mice deficient in type I␤ PKA regulatory subunit (PKA-RI␤) show reduced PGE 2 and formalin-induced hyperalgesia (3) .
One target of the cAMP/PKA signal pathway to sensitize primary sensory neurons is the capsaicin receptor TRPV1. TRPV1 is a nonselective cation channel that is predominantly expressed by nociceptive primary sensory neurons and that is involved in the detection of noxious stimuli. Studies on TRPV1 gene knock-out mice strongly suggest that TRPV1 is required for inflammatory sensitization to noxious thermal stimuli (hyperalgesia) (4, 5) . TRPV1 is activated by capsaicin, protons, noxious heat (Ͼ42°C) (6) , the endocannabinoid anandamide (7), lipoxygenase products (8) , and ethanol (9) . Activation of TRPV1 leads to a rise in cytosolic Ca 2ϩ , a subsequent depolarization of nociceptive neurons, and to a release of inflammatory peptides from primary afferent nerve terminals (10) . Prolonged or repeated activation of TRPV1 induces desensitization and insensitivity of the receptor to subsequent stimuli. Desensitization of TRPV1 is, at least in part, a Ca 2ϩ -dependent process (11) and is reportedly enhanced by dephosphorylation of the receptor by the Ca 2ϩ -and calmodulin-dependent protein phosphatase 2B (calcineurin) (12) . Treatment with PGE 2 or activation of PKA transiently sensitizes capsaicin-activated currents in rat sensory neurons (13) . Similarly, the TRPV1-mediated effects of anandamide were enhanced by PKA (14) . PKA potentiated both heat-activated ionic currents in rat sensory neurons and heat-activated currents of TRPV1 heterologously expressed in human embryonic kidney 293t cells (HEK293t). Potentiation was reduced in TRPV1 channels mutated at the predicted PKA phosphorylation sites Thr-144, Thr-370, and Ser-502 (15) .
Another study demonstrated that PKA reduces desensitization of capsaicin-and proton-activated currents of TRPV1 heterologously expressed in Chinese hamster ovary-K1 cells and directly phosphorylates TRPV1 (16) . In vitro phosphorylation, phosphopeptide mapping, and protein sequencing of TRPV1 cytoplasmic domains revealed four more candidate PKA phosphorylation sites, namely Ser-6, Ser-116, Ser-774, and Ser-820. TRPV1 mutant channels that disrupt or mimic phosphorylation at potential sites showed altered desensitization properties that seemed to reflect current density and surface expres-sion. Only mutation S116D seemed to truly mimic nondesensitizing currents of phosphorylated TRPV1-WT. Together with biochemical data, it was concluded that Ser-116 was one of several sites dephosphorylated by capsaicin but the major site through which phosphorylation by PKA reverses capsaicininduced dephosphorylation (16) .
With this study, we sought to study the effect of PKA on desensitization properties of TRPV1-WT and to examine the functional characteristics of TRPV1 channels mutated at predicted PKA phosphorylation sites, including their Ca 2ϩ permeability and sensitivity to capsaicin.
EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis and Transient Transfection-Mutagenesis
of rat TRPV1-cDNA was performed with rTRPV1-pcDNA3 by means of the transformer site-directed mutagenesis kit (Clontech, Palo Alto, CA) as described previously (17) . HEK 293t cells were transiently transfected with wild-type or mutant plasmid (0.75 or 10 g, respectively) along with reporter plasmid (CD8-pih3m, 1 g) at a confluence of 50 -80% by the calcium phosphate precipitation method. After incubation for 12-15 h, cells were replated in 35-mm culture dishes to reduce the confluence to 10 -20%. This way, transfected cells could be used for experiments for 3 to-4 days. Transfection-positive cells were identified by immunobeads (anti-CD-8 Dynabeads, Dynal Biotech, Oslo, Norway). Transfection efficiency was ϳ50 -80%.
Chemicals and Solutions-Capsaicin (8-methyl-N-vanillyl-6-nonenamide, Sigma) and 1-oleoyl-2-acetyl-sn-glycerol (OAG, Calbiochem) were dissolved in ethanol to give stock solutions of 10 and 20 mM, respectively. Forskolin (FSK), 1,9-dideoxyforskolin (ddFSK, Calbiochem), H89 (Sigma), and phorbol 12-myristate 13-acetate (PMA, Calbiochem) were dissolved in dimethyl sulfoxide to give stock solutions of 10, 10, 1, and 10 mM, respectively. All of the stock solutions were stored at Ϫ20°C. All of the control and test solutions were applied with a polytetrafluorethylene glass multiple-barrel perfusion system. Standard bath solutions contained (in mM) 70 NaCl, 70 choline Cl, 5 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 HEPES, and 10 glucose (adjusted to pH 7.4 with tetramethylammonium hydroxide). In Ca 2ϩ -free solutions, CaCl 2 was replaced by 5 mM EGTA. The NaCl/choline Cl composition was used to reduce the amplitude of the wild-type currents that frequently exceeded 20 nA in 140 mM NaCl. Choline Cl did not have any influence on wild-type or mutant currents. Pipette solution contained (in mM) 140 KCl, 2 MgCl 2 , 5 EGTA, and 10 HEPES (adjusted to pH 7.4 with KOH).
For permeability experiments, bath solution was changed to (in mM) 140 NaCl, 10 glucose, and 10 HEPES (adjusted to pH 7.4 with NaOH) or 110 CaCl 2 , 2 Ca(OH) 2 with HCl) and pipette solution contained (in mM) 140 NaCl, 10 HEPES, and 5 EGTA (adjusted to pH 7.4 with NaOH). Relative permeability for Ca 2ϩ over Na ϩ ions (P Ca/Na ) were calculated based on the GoldmanHodgkin-Katz formula as reported previously (17) .
Electrophysiological Technique and Data Analysis-Currents were recorded at room temperature with the whole-cell configuration of the patch clamp method. Holding potential was Ϫ60 mV. Patch pipettes were pulled from boroslilicate glass tubes (TW150F-3, World Precision Instruments, Sarasota, FL) and heat-polished at the tip to give a resistance of 0.8 -1.2 megohms. Currents were recorded with an Axopatch 200B patch clamp amplifier (Axon Instruments, Union City, CA), filtered at 1 kHz, and sampled at 2 kHz. pCLAMP 8.0.1 software (Axon Instruments) was used for acquisition and analysis of currents. Origin 6.1 software (OriginLab Corporation, Northampton, MA) was used to perform least-squares fitting and to create figures. Data are presented as mean Ϯ S.E. or fitted value Ϯ S.E. of the fit. An unpaired Student's t test (SigmaStat, SSPS Science, Chicago, IL) was used to evaluate the significance of changes in mean values. p values Ͻ0.05 were considered statistically significant.
RESULTS
Phosphorylation by Protein Kinase A but Not Protein Kinase C Decreases Ca
2ϩ -dependent Desensitization of Capsaicin-activated Currents-TRPV1-WT and mutant channels were transiently expressed in HEK 293t cells and studied in whole-cell voltage clamp mode. We first investigated whether activation of PKA had an influence on Ca 2ϩ -dependent desensitization of capsaicin-activated currents, specifically on the decreasing current response to successive stimulation (tachyphylaxis). We applied a series of brief (5-s) pulses of 1 M capsaicin at 2-min intervals in Ca 2ϩ -containing solution and measured the current response. The concentration of 1 M capsaicin was chosen because no significant agonist concentration dependence of desensitization was found as described earlier (11) . Under control conditions, TRPV1-WT showed pronounced tachyphylaxis. Most of the tachyphylaxis occurred between the first and second application as described previously (17) . The mean current amplitude at the second application was 3.8 Ϯ 2.0% of that of the first application. Tachyphylaxis was significantly decreased when cells were pretreated for 5 min with 10 M FSK, an activator of adenylate cyclase and thus an indirect PKA activator. Here, current amplitudes at the second and fourth application were 47.2 Ϯ 11.0 and 50.5 Ϯ 19.7% of that at the first application, respectively (Fig. 1) . Pretreatment of the cells with ddFSK (10 M), the functionally inactive analogue of forskolin, did not have any effect on channel tachyphylaxis.
To test whether the FSK-mediated decrease in tachyphylaxis indeed involved the action of PKA, we added 10 M H89 to the pipette solution, a protein kinase inhibitor that is selective for PKA at that concentration. Under these conditions, the FSKinduced decrease in tachyphylaxis was completely suppressed. This supports the idea that PKA is involved in the modulation of TRPV1 tachyphylaxis.
In the absence of extracellular Ca 2ϩ (5 mM EGTA), repeated activation of TRPV1 by brief pulses of 1 M capsaicin did not lead to any significant tachyphylaxis. Under these conditions, FSK did not have any effect on TRPV1 currents (Fig. 1C) .
We also tested whether protein kinase C (PKC) exhibited an effect on TRPV1 tachyphylaxis similar to that of PKA. For this reason, cells were pretreated with PMA (0.1 M) or OAG (20 M), both activators of PKC, before applying a series of brief capsaicin pulses (1 M) at 2-min intervals. In the presence of PMA (up to 10 M) or OAG (20 M), tachyphylaxis of TRPV1 was unchanged compared with control conditions (Fig. 2) . However, the application of either PMA or OAG potentiated TRPV1-WT currents activated by low concentrations of capsaicin (0.05 M, data not shown) as reported previously (18) . FSK also induced a decrease in tachyphylaxis in a double mutation in which putative PKC-phosphorylation sites were disrupted (S502A/S800A, data not shown). These findings suggest that the decrease in desensitization following phosphorylation might be specific to PKA.
Mutations S116D, T144D, T370D, S774D, and S820D Show Decreased Ca 2ϩ -dependent Desensitization of Capsaicin-activated Currents-The amino acid sequence encoded by the TRPV1 cDNA was predicted to contain three PKA phosphorylation sites (Thr-144, Thr-370, and Ser-502) (6) . In vitro phosphorylation, phosphopeptide mapping, and protein sequencing of TRPV1 cytoplasmic domains revealed four more candidate sites, namely Ser-6, Ser-116, Ser-774, and Ser-820. Furthermore, Ser-116 and Ser-502 could be qualitatively identified as major in vitro PKA phosphorylation sites (16) . We sought to study the functional role of these potential PKA phosphorylation sites in the modulation of TRPV1 tachyphylaxis.
Using site-directed mutagenesis, we generated point mutations by individually substituting the amino acids serines or threonines at positions Ser-6, Ser-116, Thr-144, Thr-370, Ser-502, Ser-774, or Ser-820 with the negatively charged amino acid aspartate. Similar to phosphorylation, the serine or threonine to aspartate mutations incorporated a negatively charged side chain and were found to mimic phosphorylation of serine or threonine residues in other ion channels (19, 20) .
If TRPV1-WT was phosphorylated by PKA at one or some of the potential PKA phosphorylation sites, we would expect one or some of the aspartate mutants to exhibit reduced tachyphylaxis compared with WT.
We first investigated the responses of TRPV1-WT and mutant channels to the repeated application of 1 M capsaicin in Ca 2ϩ -containing bath solution. In mutations S116D, T144D, T370D, S774D, and S820D, tachyphylaxis was significantly decreased compared with WT. In mutations S6D and S502D, the degree of tachyphylaxis was similar to WT (Fig. 3, A and B) .
These results indicated that phosphorylation at Ser-116, Thr-144, Thr-370, Ser-774, and/or Ser-820 might indeed underlie the PKA-mediated decrease in tachyphylaxis. Alternatively, changes in aspartate mutations at potential PKA phosphoryl- FIG. 3 . A, putative membrane topology of TRPV1 and location of predicted potential PKA phosphorylation sites. B, current responses of TRPV1-WT and mutant channels containing the amino acid aspartate at putative PKA phosphorylation sites to repeated 5-s-long applications of 1 M capsaicin in Ca 2ϩ -containing bath solution. Intervals between capsaicin applications were 2 min. C, mean amplitudes of currents Ϯ S.E. measured in experiments as described in B. The amplitudes were normalized to the current amplitude obtained with the first capsaicin application. *, a statistically significant difference in the mean amplitude compared with TRPV1-WT (p Ͻ 0.05).
ation sites might not be specific to phosphorylation by PKA.
We also investigated responses of TRPV1-WT and mutant channels to prolonged application (30 s) of 1 M capsaicin in Ca 2ϩ -containing bath solution. TRPV1-WT currents had peak amplitudes in the range of 1.2-16.4 nA and with a mean of 7.0 Ϯ 1.4 nA. Currents reached their peak at 1.57 Ϯ 0.19 s after the beginning of activation. The currents then began to decrease during continuous capsaicin application and reached values of 0.82 Ϯ 0.31, 0.52 Ϯ 0.25, and 0.43 Ϯ 0.23 nA after 10, 20, and 30 s, respectively. This type of desensitization is often termed acute desensitization (11) .
Interestingly, pretreatment of cells with 10 M FSK up to a period of 20 min did not have any effect on acute desensitization of TRPV1-WT (data not shown). Apparently, under these conditions FSK did not lead to PKA-mediated modulation of desensitization in TRPV1-WT. However, in mutations T144D, T370D, and S774D, acute desensitization was decreased compared with WT (Fig. 4A) . Mutations S6D, S116D, S502D, and S820D exhibited acute desensitization similar to WT.
To describe and compare acute desensitization quantitatively for TRPV1-WT and all of the mutant channels, we measured the areas under the current curves over a time of 30 s and normalized them to an idealized (rectangular), non-desensitizing current of a respective size. The data are given in Fig. 4B .
Phosphorylation by PKA Does Not Further Decrease Ca 2ϩ -dependent Desensitization of Capsaicin-activated S116D and T370D Currents-If one of the residues Ser-116, Thr-144, Thr-370, Ser-774, or Ser-820 were a major PKA phosphorylation site, FSK probably would not be able to further decrease tachyphylaxis in the respective aspartate mutation. For this reason, we investigated the responses of TRPV1 mutant channels to repeated application of 1 M capsaicin in Ca 2ϩ -containing bath solution after pretreatment of cells with 10 M FSK for 5 min.
In mutations S6D, T144D, S502D, S774D, and S820D, pretreatment of cells with FSK significantly decreased tachyphylaxis compared with control conditions (Fig. 5) . In mutation S116D, there was a slight reduction in tachyphylaxis after pretreatment with FSK, which was not statistically significant. In mutation T370D, which was the least desensitizing mutation, pretreatment with FSK significantly enhanced tachyphylaxis.
These data suggest that residues Ser-116 and Thr-370 might be major PKA phosphorylation sites. To further confirm this hypothesis, we generated the double mutation S116D/T370D. Unfortunately, this mutation did not lead to the expression of a functional receptor or could not be activated by capsaicin (up to concentrations of 100 M). The same was true for any other combination of double or triple mutation at potential PKA phosphorylation sites. Potential PKA phosphorylation sites are all located within areas putatively contributing to capsaicin binding, presumably by constituting a binding pocket, namely the N-and C-cytosolic tails (21) as well as transmembrane domains 2 and 3 and the cytosolic region linking these domains (22) . Double and triple mutations within these areas might affect aligning and effective binding of capsaicin.
Phosphorylation by PKA Does Not Further Decrease Ca 2ϩ -dependent Desensitization of Capsaicin-activated S116A and T370A Currents-Another approach to probe the importance of potential sites in PKA-mediated phosphorylation is to disrupt these potential phosphorylation sites by individually mutating respective serine or threonine residues to alanine and to study the effect of FSK in these mutations. We first investigated the phenotype of the alanine mutations S6A, S116A, T144A, T370A, S502A, S774A, and S802A with respect to their desensitization properties. Surprisingly, in mutations S6A, T144A, T370A, and S820A, tachyphylaxis was significantly decreased compared with WT (Fig. 6A) . Mutations S6A, T144A, and T370A also exhibited significantly reduced acute desensitization compared with WT (Fig. 6B) .
However, a similar result in the alanine mutations compared with aspartate mutations was obtained when cells were pretreated with FSK. In mutations S6A, T144A, S502A, S774A, and S820A, pretreatment of cells with FSK significantly decreased tachyphylaxis compared with control conditions (Fig.  7) . In mutation S116A, there was a slight reduction in tachyphylaxis after pretreatment with FSK, which was not statistically significant. In mutation T370A, which like T370D was the least desensitizing alanine mutation, pretreatment with FSK significantly enhanced tachyphylaxis. Again, various combinations of double and triple alanine mutations did not lead to expression of a functional receptor or could not be activated by capsaicin (up to concentrations of 100 M).
Current Densities, Ca 2ϩ Permeability and Capsaicin Sensitivity of Mutant Channels-Because desensitization of TRPV1 is, at least in part, a Ca 2ϩ -dependent process, there are several factors that could account for a reduction in desensitization of mutant channels as follows: 1) a reduced expression level and thus a reduced current density with a consecutively reduced Ca 2ϩ influx; 2) a reduced Ca 2ϩ permeability; and 3) a reduced capsaicin sensitivity with a consecutively reduced capsaicin- activated current and Ca 2ϩ influx. To discover whether one of these factors contributed to the altered desensitization properties in some mutant channels, we determined the current density, the Ca 2ϩ permeability, and the capsaicin sensitivity in WT and all of the mutant channels.
Current densities (pA/pF) were estimated from peak currents evoked in experiments investigating desensitization following prolonged (30 s) or repeated brief applications (5 s) of 1 M capsaicin in Ca 2ϩ -containing bath solution. Plotting current densities versus acute desensitization (normalized areas under the curves) or tachyphylaxis (normalized second or fourth capsaicin response to repeated brief capsaicin applications) did not show any significant correlations (Fig. 8) .
Relative permeabilities for Ca 2ϩ over Na ϩ in WT and mutants were quantitatively determined by generating currentvoltage curves of capsaicin-activated currents in NaCl-and CaCl 2 -containing bath solutions, measuring the reversal potential, and calculating relative permeabilities P Ca/Na . For TRPV1-WT, the relative permeability for Ca 2ϩ over Na ϩ was calculated to be P Ca/Na ϭ 6.5 Ϯ 0.7 (n ϭ 11) and was in reasonable agreement with that reported previously for capsaicin-activated currents of TRPV1-WT expressed in a mammalian cell line (Fig. 9 ) (6). P Ca/Na was significantly reduced compared with WT for mutations S6D, S6A, S116A, and S774A with 3.3 Ϯ 0.2 (n ϭ 9), 2.3 Ϯ 0.2 (n ϭ 10), 2.9 Ϯ 0.3 (n ϭ 9), and 2.95 Ϯ 0.38 (n ϭ 9), respectively, and was significantly increased for mutation S116D with 11.8 Ϯ 1.2 (n ϭ 12). For all of the other mutant channels, relative permeabilities for Ca 2ϩ over Na ϩ were not statistically different from that of TRPV1-WT. These results indicate that changes in relative permeability P Ca/Na could only account for a reduction in desensitization of mutation S6A.
To compare the capsaicin sensitivity of TRPV1-WT and mutant channels, we measured the concentration dependence of capsaicin responses in Ca 2ϩ -free bath solutions and determined half-maximal activating concentrations (EC 50 ). EC 50 for TRPV1-WT was 245 Ϯ 11 nM, and the Hill coefficient (h) was 1.29 Ϯ 0.06. These values are in reasonable agreement with values found previously for TRPV1 expressed in a mammalian cell line (23) .
Capsaicin concentration-response curves were significantly shifted leftward in mutations S6D (EC 50 ϭ 82 Ϯ 4 nM; h ϭ 1.68 Ϯ 0.13); S6A (EC 50 ϭ 73 Ϯ 2 nM; h ϭ 1.67 Ϯ 0.07); T144D (EC 50 ϭ 94 Ϯ 4 nM; h ϭ 1.50 Ϯ 0.07); T144A (EC 50 ϭ 125 Ϯ 16 nM; h ϭ 0.88 Ϯ 0.09); T370A (EC 50 ϭ 32 Ϯ 2 nM; h ϭ 1.44 Ϯ 0.13); and S502A (EC 50 ϭ 77 Ϯ 3 nM; h ϭ 1.60 Ϯ 0.10). Capsaicin-response curve was significantly shifted rightward for mutation S774A (EC 50 ϭ 837 Ϯ 13 nM; h ϭ 1.73 Ϯ 0.04) (Fig.  10) . These results indicate that changes in capsaicin sensitivity could not account for a reduction in desensitization of mutant channels.
DISCUSSION
In this study, we show that the cAMP-dependent PKA signal pathway decreases desensitization of TRPV1-WT, whereas no such an effect could be demonstrated for the PKC signal pathway. Both mimicking and disrupting phosphorylation at potential PKA phosphorylation sites by replacing respective serine or threonine residues by aspartate or alanine, respectively, resulted in several mutations that exhibited decreased desensitization. Significant changes in current density, relative permeability for Ca 2ϩ over Na ϩ , or capsaicin sensitivity of mutant channels could not explain changes in desensitization properties. In mutations S116A, S116D, T370A, and T370D, pretreatment of cells with FSK did not reduce desensitization as compared with WT or other mutant channels. We conclude that Ser-116 and possibly Thr-370 are the most important residues involved in the mechanism of PKA-dependent reduction of de- sensitization in capsaicin-activated currents.
PKA Specificity of the Effect on Desensitization-The capsaicin receptor TRPV1 is a target of both PKA-and PKC-mediated phosphorylation. PKA reportedly potentiated heat-activated TRPV1 currents (15) and reduced Ca 2ϩ -dependent desensitization of capsaicin-and proton-activated TRPV1 currents (16) . Potentiation of heat-activated currents was reduced in TRPV1 channels mutated at the predicted PKA phosphoryl- A, plot of current densities (pA/pF) of WT and mutant channels versus acute desensitization (normalized areas under the current curves). Acute desensitization was estimated as described in Fig. 4B (n WT ϭ 11; n S6A ϭ 6; n S6D ϭ 6; n S116A ϭ 7; n S116D ϭ 8; n T144A ϭ 6; n T144D ϭ 9; n T370A ϭ 6; n T370D ϭ 8; n S502A ϭ 6; n S502D ϭ 7; n S774A ϭ 6; n S774D ϭ 6; n S820A ϭ 6; and n S820D ϭ 6). B and C, plot of current densities of WT and mutant channels versus normalized second (B) or fourth (C) capsaicin response to repeated brief applications of 1 M capsaicin as described in Figs. 3C and 6A (n WT ϭ 7; n S6A ϭ 6; n S6D ϭ 6; n S116A ϭ 9; n S116D ϭ 9; n T144A ϭ 6; n T144D ϭ 6; n T370A ϭ 6; n T370D ϭ 7; n S502A ϭ 11; n S502D ϭ 8; n S774A ϭ 6; n S774D ϭ 6; n S820A ϭ 6; and n S820D ϭ 6). Lines represent weighted linear regression fits to the data and upper and lower 95% confidence limits. Correlation coefficients R are Ϫ0.69484, Ϫ0.69908, and Ϫ0.76712 for A, B, and C, respectively. ation sites Thr-144, Thr-370, and Ser-502 (15) . Residue Ser-116 was suggested to be the major site through which phosphorylation by PKA reverses capsaicin-induced dephosphorylation and desensitization (16) . PKC reportedly potentiated capsaicinactivated currents and lowered the temperature threshold of heat-evoked currents. Here, residues Ser-502 and Ser-800 were suggested to be the major substrates for PKC-dependent phosphorylation (18) .
Our experiments suggest that the reduction of desensitization following phosphorylation might be specific to PKA. This finding implies that the functional consequences of phosphorylation depend on the location of the phosphorylation site and that the phosphorylation sites for PKA and PKC in TRPV1 are non-identical. Several phosphorylation events seem to be involved in the regulation of TRPV1 in response to activation of the PKA and PKC pathways. Future studies will examine possible interactions between these pathways in modulating TRPV1 as demonstrated for instance for the Na v 1.2 channel (24) .
Dephosphorlyation and Phosphorylation Regulates Desensitization of TRPV1-A link between desensitization of TRPV1 and dephosphorylation was suggested earlier. The cyclosporin A-cyclophilin or FK506-FK-binding protein complexes, which are specific inhibitors of the Ca 2ϩ -and calmodulin-dependent phosphatase calcineurin, strongly inhibited desensitization of capsaicin-activated currents in rat sensory neurons (12) . Furthermore, intracellular ATP was able to reduce desensitization (11) . It was concluded that in the resting state, capsaicinactivated channels exist as phosphoproteins and that dephosphorylation by calcineurin compromises channel activity. Indeed, 32 P-labeling and immunoprecipitation showed that TRPV1 expressed in Chinese hamster ovary-K1 cells is strongly phosphorylated in the resting state, that phosphorylation is dramatically reduced by stimulation of cells with capsaicin, and that PKA phosphorylation only becomes obvious in the desensitized state (16) . Saturated PKA phosphorylation sites in the resting state of TRPV1 explain the lack in effect of FSK on non-desensitizing capsaicin-activated currents in Ca 2ϩ -free solution (Fig. 1F) . Also, in our experiments, currents at the first capsaicin application in the presence of FSK were not significantly larger than without FSK.
Our data confirm earlier reports that the PKA signal path- FIG. 9 . A and B, relative permeabilities for Ca 2؉ over Na ؉ in TRPV1-WT and mutant channels. Values were determined by generating current-voltage ramps (Ϫ100 mV to ϩ 40 mV in 500 ms) of capsaicin-activated currents in NaCl and CaCl 2 -containing bath solutions (see "Experimental Procedures"), measuring the reversal potential, and calculating relative permeabilites P Ca/Na based on the Goldman-Hodgkin-Katz formula as reported previously (17) . *, a statistically significant difference in P Ca/Na compared with WT (p Ͻ 0.05). way regulates desensitization of TRPV1 (16) . In our experiments, pretreatments of cells for 5 min with 10 M FSK significantly decreased tachyphylaxis; however, acute desensitization evoked by a prolonged capsaicin application remained unaffected. Several explanations may account for this phenomenon. First, re-phosphorylation is a slow process and takes minutes to occur. Accordingly, in the presence of FSK, currents were larger at the third and fourth capsaicin applications than at the second capsaicin application in several experiments (see Fig. 1B ). Second, re-phosphorylation might require a closed or ligand-free channel. Third, the effectivity of re-phosphorylation might depend on preexisting voltage-dependent calcium influx and calcium-dependent phosphatase activity. Altogether, PKAdependent phosphorylation reverses TRPV1 desensitization caused by dephosphorylation upon capsaicin-activation.
Ser-116 and Thr-370 as Potential PKA Phosphorylation Sites-In an earlier study, phosphorylation stoichiometry of gluthatione S-transferase fusion proteins of the N-terminal cytoplasmic domain of TRPV1 revealed Ser-116 as the major phosphorylation site (16) . Accordingly, 8-Br-cAMP treatment inhibited desensitization of WT and alanine mutant channels including T370A but completely failed to alter desensitization of mutation S116A. We found that pretreatment with FSK significantly reduced tachyphylaxis in WT and all of the alanine and aspartate mutant channels with the exception of mutations S116A, S116D, T370A, and T370D. FSK treatment slightly but insignificantly reduced tachyphylaxis in mutations S116D and S116A, thus confirming the importance of Ser-116 in PKA-mediated phosphorylation. However, FSK treatment did not reduce but enhanced tachyphylaxis in mutations T370D and T370A. Interestingly, both mutations T370D and T370A exhibited the least desensitizing phenotype in the absence of FSK. We conclude that substitutions at Thr-370 might allosterically inhibit dephosphorylation at other sites and thus inhibit desensitization, so that the receptor remains phosphorylated upon capsaicin-activation. Alternatively, residue Thr-370 might be another relevant PKA phosphorylation site. The differences between our results and previous findings (16) regarding the FSK/cAMP effect on mutation T370A remain entirely unclear. However, based on our functional data, we cannot exclude Thr-370 as relevant PKA phosphorylation site.
Desensitization and Correlation to Current Density-Desensitization of TRPV1 is a complex process, at least depending on a rise in intracellular calcium, the activity of calcineurin, and the membrane potential (11, 12, 25) . In our experiments, several mutant channels carrying aspartate or alanine at potential PKA phosphorylation sites exhibited decreased desensitization. An earlier study demonstrated that changes in desensitization of mutant channels could be accounted for by changes in current density and surface expression. Only mutation S116D seemed to truly mimic non-desensitizing currents of phosphorylated TRPV1-WT (16) . However, our data did not reveal any strong correlation between current densities of WT and mutant channels and acute desensitization or tachyphylaxis. Moreover, changes in relative permeability for Ca 2ϩ over Na ϩ and capsaicin sensitivity of mutant channels could not explain changes in desensitization properties. We suggest that changes in desensitization properties are attributed to nonspecific allosteric changes caused by mutations at potential phosphorylation sites and that, for this reason, alanine and aspartate mutations are unsuitable models to study functional consequences of phosphorylation in TRPV1.
This work confirms that TRPV1 is a target of the cAMP/PKA signal pathway. PKA-mediated phosphorylation not only potentiates heat-activated TRPV1 currents (15) but additionally reduces Ca 2ϩ -dependent desensitization of capsaicin-activated currents. Under tissue injury and inflammation, this mechanism might contribute to an increased receptor availability for noxious stimuli and thus to nociceptor sensitization.
